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Oscillating Turbulent Flow With 
or Without a Current About a 
Circular Cylinder 
M. de Angelis 
C. Hanson 
Mechanical Engineering, 
Naval Postgraduate School, 
700 Dyer Road, 
Monterey, CA 93943 
CFD analyses of two benchmark, two-dimensional, sinusoidally oscillating, turbulent 
flows ( one with zero mean and one with nonzero mean) at relatively large Reynolds 
and Keulegan-Carpenter numbers and relative current velocities, have been per-
formed with CFD-ACE, a Favre-averaged Navier-Stokes (FANS) code. The primary 
purpose of the investigation was a critical assessment of the computational accuracy 
of time-dependent turbulent flows with large-scale unsteadiness. A number of turbu-
lence models, including the standard k-E, re-normalization group ( RNG) based k-E, 
and low-Reynolds number model have been employed. Among others, a second order 
in time, second order in space, second-level predictor-corrector finite-difference 
scheme has been used. The analysis produced the time-dependent in-line and trans-
verse forces, the force coefficients, instantaneous velocity, vorticity, and pressure 
distributions, and streamlines. Representative results are compared with each other 
and with those obtained experimentally. 
Introduction 
The impetus for this investigation comes partly from potential 
practical applications of the results to the prediction of wave 
forces on structures and partly, and more importantly, from the 
emerging need to critically assess, at least through the cases 
considered, the capabilities of the computational fluid dynamics 
in providing time-accurate solutions to the incompressible Na-
vier-Stokes equations. The source of difficulty is in coupling 
the changes in the velocity field with changes in the pressure 
field while satisfying the equation of continuity. Some type of 
iterative scheme is required since the equations are elliptic in 
nature. 
Over the past two decades, several formulations have been 
developed and rather impressive solutions with equally impres-
sive graphics have been obtained. This, in part, led to an unprec-
edented exuberance among the disciples of the CFD community 
and tended to obscure both the necessity for and the equally 
complex difficulty of experimentation. The fact of the matter 
is that the computational representation of a process such as 
turbulence, without proper physics, is a m!ljor roadblock to the 
ultimate promises of the CFD. Equally important is the fact that 
in highly complex, separated, time-dependent turbulent flows 
with large-scale unsteadiness, such as those considered herein, 
the Reynolds number varies between zero and a desired maxi-
mum during a given cycle and the flow is three-dimensional 
(2-D turbulence exists only in thought experiments). Even if 
one were to develop validated, rationally constructed, two or 
higher-order-equation turbulence models, there is no assurance 
that they will yield reliable results for time-dependent flows. If 
the diffusion cannot adjust to the conditions imposed on the 
flow, each succeeding state will be increasingly affected, not 
only by the prevailing conditions, but also by the past history 
of the motion. 
How far back in time and/ or space will the flow remember 
the past depends on the nature of unsteadiness, on the nature 
of diffusion (molecular or turbulent), and on the state of flow 
( e.g., separated, unseparated, transitional). For example, the 
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upstream history has a profound effect on a boundary layer 
developing under a decelerating outer flow, probably due to the 
occurrence of separation and flow reversal near the wall. On 
the other hand, a boundary layer developing under an accelerat-
ing outer flow quickly forgets its early history. In some turbulent 
flows, even strong unsteadiness may not directly affect the flow; 
it may, however, significantly change the character of the flow 
if the unsteadiness leads to transition or to flow separation ( as-
suming none existed before), or to the significant excursion of 
the separation point(s) if one had already existed (Sarpkaya 
and Butterworth, 1992). In other words, turbulence may weaken 
the memory of the flow, but the imposed unsteadiness may 
completely change its character. Therein lies the difficulty of 
the numerical simulation of unsteady nonequilibrium turbulent 
flows, with or without separation. Thus, one should not expect 
nearly identical results either from different. codes using identi-
cal turbulence models or from the same code using different 
turbulence models. In fact, markedly different flow fields may 
be obtained depending on the turbulence model chosen. Ulti-
mately, some degree of validation and scientific confidence may 
be established only through comparisons with experimental and 
computational results. 
As it stands, the state of the art is less than satisfactory, not 
only because of the limitations of computational resources and 
the lack of understanding of the physics of turbulence, but also 
because the real-time control applications (remotely operated 
vehicles; multiple-link, multi-degree-of-freedom, underwater 
manipulators) demand hydrodynamic forces and torques in real 
time as a function of the state and state derivatives of the system. 
The control of unsteady vehicle motions cannot, by their very 
nature, wait for day-long computer solutions or for the improve-
ment of the current state of the computational art. To make 
matters worse, the motions of underwater manipulators are often 
short enough to occur in transient, rather than in quasi-steady 
states. Thus, the intelligent control of such vehicles requires the 
determination of the forces and torques predominantly during 
these transient states. This is a very demanding challenge to 
experimental and computational fluid dynamics (EFD and 
CFD) communities and points out the necessity of parallel stud-
ies, in the years to come, for the pursuit of demonstrably sound 
semi-empirical approaches (perhaps something better than Mor-
ison's equation) for the prediction and execution of minimum-
_time or minimum-energy trajectories in complex environments. 
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Background Studies 
The experimental studies of Morison et al. ( 1950) on forces 
on piles due to the action of progressive waves have provided 
a useful and somewhat heuristic approximation (best two-coef-
ficient fit to experimental force trace). The forces are divided 
into two parts, one due to unsteady velocity and the other due 
to acceleration or deceleration of the fluid. This concept necessi-
tates the introduction of a drag coefficient Cd and an inertia 
coefficient Cm in the expression for the in-line force. Morison's 
~quati~n ~oes not deal wi~ the transverse or lift force. If F1L 
ts the m-lme force per umt length experienced by a cylinder, 




pCdD / U,,,(t) / U,,,(t) + pCm 1rD
2 
dU,,,(t) 
4 dt (I) 
where U"'(t) and dU"'(t)ldt represent the ambient velocity and 
the acceleration of the fluid, respectively. 
If one were to consider the superposition of mean plus oscilla-
tory fl~w (e.g., waves and currents), then Eq. (I) may be 
~eneralized ( Sarpkaya and Isaacson, 1981), with some poetic 
hcense, to 
1 
FIL{!)= 2pG:!Ap/{(U 0 + U(t)}/{(U 0 + U(t)} 
+ pC",,. V dU(t) (2) 
dt 
where Uo r7presents the steady component of the fluid velocity; 
U(t), the time-dependent fluid oscillations, i.e., U"'(t) = U
0 
+ 
U(t); ~• the volume of the body; c:L the Fourier-averaged drag 
coefficient, c",,., the Fourier-averaged inertia coefficient· and A 
the projected area. ' P' 
Research at the Naval Postgraduate School ( Sarpkaya, 1976-
1978, 1981, 1986a, b, 1987, 1990, 1992a, b), through the use 
of a CT-shaped water tunnel, resulted in a comprehensive series 
of experiments concerning sinusoidally oscillating flow about 
smooth and rough cylinders, and introduced the parameter f3 
( = Re/K = JD2/v) to assess the influence of scale effects in 
periodic flows. The results have demonstrated the dependence 
of t~e force coefficients on Re, K (or on f3 and K), and the 
relative roughness k/D. This work was extended (Sarpkaya and 
Storm, 1985) to coexisting flows specified by U,,,(t) = U + 
Um sin (27rt/T). 
0 
Numerous theoretical and numerical attempts ( all for two-
dimensional flows) have been made to calculate the time-depen-
dent force on a circular cylinder. Wang (1966, 1968) used 
matching asymptotic expansions for very high oscillating fre-
quencies and very small K values. Wang and Dalton ( 1991 ) , 
and Justesen ( 1991) employed finite difference methods for K 
up to 12, 4.8, and 26, respectively. Sarpkaya (1992a, b) and 
Sarpkaya et al. ( 1992) used vorticity-stream function formula-
tion with finite-difference methods and superposed a mean flow 
on the oscillations. Kinoshita et al. ( 1988, 1989) and Murashiga 
et al. ( 1989) used a combination of first-order and third-order 
upwindin~ in their study of oscillating flow about a cylinder. 
Murakami et al. ( 1993) made large eddy simulations of flows 
Nomenclature 
p = pressure 
abo~t 2-D s~uare cylinders. Kato and Launder ( 1993) 'llS<.d 
modified vers10ns of the k-€ eddy-viscosity and second-moment 
closure models on a square cylinder undergoing transverse os-
cillations and obtained good agreement with experiments only 
with the _second-moment closure models. The k-€ model grossly 
underestimated the fluctuating lift, an indication of a poor flow 
field prediction. Sun and Dalton ( 1995) presented an LES solu-
tion to the vorticity/ stream-function formulation of the two-
dimension_al Navier-Stokes equations for /3 = 1035, using sev-
eral subgnd scale models. The use of the particular value of /3 
was based on _the fact that Sarpkaya (1986a) has previously 
presented detailed data for a sinusoidally oscillating flow at /3 
= 1035. It should be noted in passing that the hydrodynamics 
of laminar oscillating-flows at relatively low Reynolds numbers 
are neither computationally challenging nor practically signifi-
cant. 
Computational Method 
The governing equations are the density-averaged or Favre" 
averaged Navier-Stokes (FANS) equations which are solved 
by a pressure-velocity coupled method. The N-S equations are 
averaged over time or ensemble of statistically equivalent flows 
to yi~ld av~raged equatio~s. In the averaging process, a flow 
quantity <p 1s decomposed mto mean and fluctuating parts. The 
Favre averages use 
<p = 4> + </>" where ef> = p¢/p (3) 
The overbar denotes Reynolds averaging while tilde denotes 
Favre averaging. The mean quantities are assumed to remain 
~tationary over a number of samples since·the averaging period 
1s taken to be much larger than the fluctuation times. Then the 
Favre-averaged continuity equation reduces to 
o- o 
_p_ + - (pa-) = o ( 4) or oxj i 
Similarly, when the N-S equations are averaged, the following 





!he CFD-~CE code treats the Reynolds stress ( - pu7 uJ) as 
a hnear funct10n of the mean strain and is incorporated into all 
turbulence models of the code. Each flow variable is governed 
by a partial differential equation (PDE) which is numerically 
solved to, obtain a discrete solution for that variable. There is 
no governing PDE for pressure. The pressure-based methods 
utilize the continuity equation to formulate an equation of pres-
sure. The code uses a variant of the semi-implicit method for 
pressure-linked equations-consistent ( SIMPLEC) algorithm 
(Van Doormal and Raithby, 1984; Comini and Del Giudice 
1987), which iteratively creates an equation for pressure-correc~ 
A = amplitude of oscillation 
AP= projected area 
Cd = Fourier-averaged drag coefficient 
C,,,_ = Fourier-averaged inertia coefficient 
D = cylinder diameter 
Re =,Reynolds no., UmDlv 
t = time 
U(t) = Um sin (27rt/T) 
V = volume of body 
V, = UolUm 
F1L = in-line fluid force 
K = 21rA/D = UmTID, Keulegan-Car-
penter no. 
74/Vol.119, MAY 1997 
T = period of oscillation, I/ f 
U;, uj = velocity components 
U"'(t) = amtiient velocity 
Uo = steady component of velocity 
Um = maximum velocity in U(t) 
/3 = frequency parameter, Re/K 
0 = angular position 
v = kinematic viscosity of water 
p = density of water 
w = vorticity 
Transactions of the ASME 
tion from the continuity equation. The key in t~e calculation of 
the velocity field is the unknown pressure gradients. They may 
be written as sums of estimated ( *) and correction ( ') values 
where the pressure gradients at the previous step n help to ~ake 
an estimate. Finally, solving for the components of acceleratl?ns 
via an implicit scheme in the time integration and enforcmg 
continuity, one obtains, for a two-dimensional flow 
o2p' + o2p' = _!_ ( av' + ~) (7) 
oy2 8z2 b..t fJy fJz 
which is a Poisson-like equation for the pressure correction 
whose initial conditions are p' = 0 where the pressure is known 
and op'/ on = 0 elsewhere. Once the pressure correction is 
determined, the corresponding velocity corrections v' are ob-
tained from 
(:)' =-:-· 
The pressures and velocities are then updated using 
pn+l = p" + p', 
0 , 





In summary, the important steps in the execution of the code 
are (i) estimate the pressure field; (ii) using the estimated pres-
sure solve the momentum equations to obtain approximate v*; 
( iii), calculate the pressure correction p' that enforces continu-
ity; (iv) use the pressure correction p' to update the pressur_e 
and velocity fields; and (v) return to step (ii) and repeat until 
convergence, or steady state, is reached. The code re~eats steps 
(iii) and (iv) to solve the pressure correction a few times more 
and then updates the pressure, velocity, and density fields. These 
intermediate iterations are to enhance the convergence for most 
applications. . 
The in-line and transverse forces are determined from the 
combined contributions of the shear and pressure forces acting 
on the cylinder through the use of 
F1L = I:" (Ps cos (0)Rd0 - f" µw sin (0)d0 (10a) 
and 
Fn = - I:" (Ps sin (0)Rd0 - I:" µw cos (0)d0 (10b) 
These in turn are normalized by 0.5pDU';. to obtain the in-
line a~d trans~erse force coefficients as well as the Fourier-
averaged drag and inertia coefficients. 
Computational Details 
The numerical and physical experiments have their own dif-
ficulties. However, one fact clearly stands out: CFD demands 
the specification of all parameters th~t enter into th~ calcula-
tions; nothing can be left to nature as m EFD. The gnd genera-
tion, the in-flow and out-flow boundary conditions, the genera-
tion of the ambient flow, grid size, and time step, a number of 
code parameters, in addition to the "constants" that defi~~ a 
given turbulence model must be specified. Thus, the defimt10n 
and the assessment of an error bar in CFD are no less difficult 
and time-consuming than those in EFD. 
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Fig. 1 Steady flow about a square cylinder at Re = 400 
in the present study, some low-flow and some high-flow 
validation studies have been carried out. The first is the flow 
about a square cylinder at Re = 400. A 0.01-~ block was 
generated on a grid and subjected to a 0.04-m'.s umform steady 
flow ( see Fig. I). The predicted drag coefficient and Strouhal 
number were slightly under those found experimentally. At a 
higher Reynolds number, Re = 5 X 105 , the use of b..t .= 1/ 
400 (to obtain approximately 80 steps per vortex sheddmg), 
yielded C1L = 1.15 versus the experimental value of about 1.2. 
The computed Strauhal number of 0.24 compared well with the 
experimental value of 0.23. . 
The case of sinusoidally oscillating flow about a cylmder 
used a baseline grid of I m by 1 m square with a 0.05-m-dia 
cylinder positioned at the center. There w~re 65 7qually sp~ced 
mesh points on each of the outer boundanes while_ 130 pom~s, 
with a 0.975 exponential spacing, were located m the axial 
direction. This created 8256 cells in each quadrant for a total 
of 33,024 for the model. This combination is used to generate 
cells that are half as long in the radial direction as their length 
along the cylinder wall, while achieving nearly square cells 
near the boundary to better capture the pressure and veloci!Y 
gradients by the wall. The resulting structure can be seen m 
Fig. 2. Subsequently, several runs were made with twice the 
size of the original'baseline grid (33,048 cells) to test partly 
the effect of the overall grid size and partly the effect of the 
proximity of the inflow /outflow boundaries of the cylin~er. ~ 
general, the boundary conditions are not easy to specif~ . m 
oscillating flows partly because the inflow-outflow boundanes 
become interchangeable and partly because they are part of the 
solution. The mesh stretching, already incorporated into the 
grid, serves as a "sponge" or filter, in addition to th~ fact that 
the grid boundaries are sufficiently away from the cylmd_er and 
the defining characteristics of the flow are confined to the 1mm~-
diate wake region. The code has eight types of,boundary c?ndi-
tions: prescribed mass flux inlet,,prescri?ed Jot~~ pressure 1~let, 
prescribed exit pressure, extrapolated exit conditions, combmed 
fixed pressure and extrapolated exit conditions, symn:ietry 
boundaries, and wall boundaries. In the present calculations, 
only two types of boundary conditio~s have been ~ed: inlet-
outlet prescribed pressure and prescn~ed mass flux mlet. ~e 
required sinusoidally oscillating flow 1s generated by plac1~g 
equal magnitude positive and negative pressures o~ opposite 
sides of the boundaries noting that the pressure amphtude b..P m 
= (21r!T)pUmb..x, with b..x as the distance from the center to 
the boundary. 
Discussion of Results 
The numerical experiments were carried out through the use 
of a Silicon Graphics R8000-Extreme computer with f?ur giga-
byte hard drive. The initial trial runs were done with a k-€ 
turbulence model and SIMPLEC algorithm. The time interval 
MAY 1997, Vol. 119 / 75 
Fig. 2 Grid in the physical plane 
"'.as cho~en Di.t = 0.02 s with several spatial and temporal 
di~erencmg schemes ~rovided by CFD-ACE (first-order up-
wmd scheme, central-difference scheme, second-order upwind 
scheme, ''smart'' scheme, and other higher-order schemes such 
as Osher-Chakravarthy scheme, Roe's Superbee scheme, and 
~an Leer's MUSCL scheme). A detailed discussion of govem-
m? equations, discretization methods, velocity-pressure cou-
plmg, boundary conditions, numerous turbulence models and 
boundary conditions is given 'in the CFD-ACE theory m~ual 
(CFDRC, 1995). 
No artificial disturbances were introduced to initiate asymme-
try; the unsteady, periodic nature of the flow was sufficient to 
generate ~ts own asymmetry. Twenty iterations were performed 
at each time step. The flow velocity and the combined grid 
geometry resulted in Neumann numbers smaller than 0.5 near 
the boundaries of the grid. 
All validation runs were performed at f3 = l,000 and K = 
20 by varying, one at a time, each base parameter. The calcu-
lated base value of C1L was 1.80, compared with the experimen-
tal value of 1.95 (Sarpkaya 1976, 1986a). The time interval 
was varied from 0.02 to 0.01 to 0.0025. The in-line force in-
creased only by 1 percent, from the base value of 1.80 to 1.82. 
The turbulence level at the boundaries was varied from the base 
value of 3 to 10 percent. CIL increased by 2.8 percent, from 1.8 
to 1.85, but still remained below the experimental value of 1.95. 
The turbulence model was changed first from k-E to RNG and 
then to low Reynolds number model. C1L increased from 1.80 
to 1.92. The temporal differencing was changed from Eulerian 
to Crank-~icholson and the spatial differencing from second-
or~er upwmd scheme to Osher-Chakravarty scheme to provide 
third-order accuracy. These resulted in a decrease of about 1 
percent in C1L• The turbulence length scale was increased from 
0._0025 to 0.0045 with an increase in C1L of about 1.2 percent. 
Fmally, the number of iterations per time step was gradually 
decreased from 40 to 5, with no effect on CiL• In summary, of 
all the parameters, only the variation of the initial turbulence 
level at the boundaries had a significant enough-effect on the 
calculated C1L• However, in all cases (/3 = 1000) the calculated 
valu~ remained below the measured value. All ;ubsequent cal-
culations were carried out using a time interval of 0.01, a turbu-
lence level of 3 percent, low Reynolds number turbulence 
model, the ''smart''. finite diff~rencing scheme which adaptively 
calculates the dampmg coe~ficient depending on the local varia-
76 I Vol. 119, MAY 1997 
Table 1 Comparison of the measured and calculated c IL 
/3 = 1000 
K Cal. Exper. 
8 2.39 2.43 
12 2.25 2.30 
20 1.84 1.95 
25 1.54 1.61 
35 1.30 1.35 
/3 = 2000 
K Cal. Exper. 
8 2.45 2.50 
12 1.94 2.00 
20 1.15 1.30 
25 0.95 1.15 
35 0.83 0.85 
/3 = 3100 
K Cal. Exper. 
8 2.45 2.41 
12 1.71 1.45 
20 1.10 1.02 
25 1.00 0.92 
35 0.91 0.85 
tion of cf>, and the Crank-Nicholson temporal differencing. The . 
number of iterations per time step was kept at 10. Table 1 shows 
a comparison of the calculated and measured values for /3 = 
1000, /3,,= 2000, and /3 = ~100. It is evident from the foregoing 
that f~e calculated values exceed the experimental values for 
only lar~e /3. Overall, the trend of the data is well predicted for 
the pur,e oscillatory case with no steady mean flow. 
. A. simple d~composition of the in-line force into drag and 
l,llertia c?~f~ci~nts through the use of the Morison equation 
resulted m sirmlar conclusions. In general, the predicted values 
were at most 6 percent smaller than those obtained experimen-
tally. 
The most signifi~ant difference was between the measured 
and calculated transverse force coefficients. For example, Fig. 
3 (for /3 = 1000 and K = 12) and Fig. 4 (for f3 = 1000 and 
K = ~O ! show that l?e calculated transverse force exhibits large 
fluctuatl~ns, followi~g the onset of periodic vortex shedding. 
The maximum expenmental transverse-force coefficients corre-
s~onding to the cases shown in Figs. 3 and 4 are about 3.4 and 
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Fig. 3 Transverse force coefficient for K = 12 and p = 1,000 
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Fig. 4 Transverse force coefficient for K = 20 and /3 = 1,000 
ously, a number of possible reasons for the differences between 
the measured and calculated values, such as the turbulence 
model, the assumption of two-dimensionality, and the lack of 
total spanwise correlation in the experiments. Suffice it to note 
that all turbulence models used herein tended to overestimate 
the fluctuating lift and its rms value after the onset of periodic 
vortex shedding. 
The case of oscillating flow with a collinear mean current 
has been calculated for a number of /3, K, and V, = Uo!Um 
values. Table 2 shows representative values of the in-line force 
coefficient. 
The decomposition of the in-line force into drag and inertia 
coefficients resulted in a similar conclusion: with few excep-
ti6ns, including those not shown here, the calculations underpre-
dict the force coefficients in spite of the careful optimization 
of the controlling parameters (note that for K = 8.6, the calcu-
lated value slightly exceeds the experimental value). Clearly, 
the analysis of oscillating flow with a collinear mean current 
offers a difficult challenge to CFD in general and to turbulence 
models in particular. 
Figure 5 shows the variation of the in-line force for K = 
12.10 and f3 = 1,772 for V, = 0 (no current) and V, = 0.16 
(with current). The odd-harmonic asymmetry of the in-line 
force for the no-current case and the loss of symmetry for the 
current case are clearly visible. Figure 6 shows the streamlines 
at U~(t)!Um = 0.11 for K = 10.5: /3 = 2487, and V, = 0.47. 
Conclusions 
The purpose of this investigation was a critical assessment 
of the numerical analyses of two benchmark, two-dimensional, 
sinusoidally oscillating, turbulent flows ( one with zero mean 
and one with nonzero mean) at relatively large Reynolds and 
Keulegan-Carpenter numbers and relative current velocities. A 
number of turbulence models, including the standard k-E, re-
Table 2 C1L for oscillating plus mean flow 
K V, Cal. 
Exper. 
/3 = 1772 
8.60 0.22 2.39 
2.37 
0.43 2.39 2.60 8.78 
12.10 0.16 1.72 
2.12 
12.19 0.31 1.83 
2.25 
17.80 0.12 1.31 1.66 
17.82 0.23 1.33 
1.70 
25.80 0.09 1.05 
1.30 
26.07 0.16 1.09 
1.10 
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Fig. 5 Variation of the in-line force for K = 12.10 and fJ = 1,772 for V, 
= 0 (no current) and V, = 0.16 (with current) 
normalization-group (RNG) based k-E, and the low-Reynolds 
number model have been employed. The primary emphasis was 
on the validation and accuracy requirements of the two time-
dependent computations. The comparison of the calculated re-
sults among themselves as well with those obtained experimen-
tally has shown that: 
( i) The finite differencing formulations of the Favre-aver-
aged Navier Stokes equations (FANS) can reasonably solve a 
wide ran~e of Reynolds number flows, using a modified ~TI:-1-
PLEC methoq. However, the predicted forces, for the maJonty 
of the cases considered, are somewhat smaller than those ob-
tained experimentally. 
( ii) The force coefficients correspond to higher Reynolds 
number conditions, but the Strouhal numbers correspond to the 
actual or slower flow conditions. 
(iii) The turbulence models used do not fully capture vortex 
strengths and prematurely dissipate the vortices relative to ex-
perimental observations and measurements. All models used 
herein (standard k-E, RNG-based k-E, and the low-Reynolds 
number model) capture the gross features of impulsively started 
f 
Fig.6 Streamlines at U~(t)/Um = 0.11 for K = 10.5, /3 = 2487, and V, = 
0.47 














steady flows rather satisfactorily, but fail to predict the size of 
the vortices and th~ high-turbulence-intensity levels present in 
the near-wakf: of time-dependent flows (subjected to unsteady 
pressure gradients) accurately and lead to the underprediction 
of the force coefficients. 
(iv) The u~e of ~uch finer grids and higher-order spatial 
and te~poral differencmg schemes (at the expense of increased 
CP~ ~me) ~ay not necessarily increase the accuracy of the 
predictions smce the validity of the turbulence models for flows 
subjected ~o extra strains such as time-dependent pressure gradi-
ents remams unknown. . 
( v) A close scrutiny of the most prominent turbulence mod-
els on two time-dependent flows has revealed a number of 
problems and, indeed, suggested that the promise of CFD might 
have been somewhat exaggerated. An appreciation of the in-
comple!e knowledge bases (both numerical and experimental), 
retrofitting of the data, and the assessment of their consequences 
are necessary to capture specific quantitative results and physi-
~ally rel<;:vant ~ynamics. Current CFD approaches are computa-
t10nally mtensive and are not likely to provide, in the,foresee-
~ble f?ture, :eal-time solutions for many engineering applica-
tions mvolvmg large-scale unsteadiness and turbulence. It is 
hoped that relatively simple, but not too simple, models will 
eme~ge t~ f~lfill the needs of the designer and to provide some 
physical msight by capturing the most essential features of the 
fluid-structure interaction. 
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The dynamic behavior of a tripod' steel jacket installed in 65 m water depth in the 
North Sea has been investigated. The analysis method is a time-domain simulation 
of the platform exposed to irregular sea. Similar to monotower platforms, the so-
called ''ringing'' phenomenon caused by higher-order harmonics in the wave loading 
is detected. Further, the analysis discovered another dynamic feature, "double fre-
quency response, ' ' caused by the interaction between the spatial distribution of the 
wave load and the shape of first vibrational mode. The dynamic response showed 
that the top of the platform vibrates notably more in first mode than found by a 
quasi-static analysis with incorporation of standard dynamic amplification factors. 
However, the resulting extreme stress level and accumulated fatigue damage are 
found quite similar and the consequences to human comfort small. The basis for this 
finding is the fact that first mode contributes very little to the stress level in 
critical points. 
Introduction 
Transient resonant responses of tension leg platforms (TLP) 
and fixed platforms have been identified in analysis, model 
tanks, and in actual sea environments, (see, e.g., Farnes et al., 
1994) . The transient response is denoted ringing and may not 
be fully uncovered for TLPs; but with respect to monotower 
platforms it is more generally agreed that the phenomenon oc-
curs due to the nonlinearities in the hydrodynamic loading. With 
nonlinearities is meant the loading which deviates from pure 
sinusoidal loading at given wave frequencies, the most im-
portant contributions being the quadratic drag loading combined 
with the effect of hydrodynamic loading to instantaneous water 
level ( see Karunakaran et al., 1994). 
Ringing is seen as a decaying vibration in the first bending 
mode of the tower after passage of a wave, although the wave 
period is far longer than the first eigen period. The ringing 
analysis has been included in the design of the Draugen platform 
in order to avoid expected cracking in the monotower shaft ( see 
Nygaard et al., 1994). 
The ringing detected for monotowers has been the initiator 
for the present study, i.e., ringing of a tripod platform. See Fig. 
1 for a sketch of the platform, definitions, etc. The platform is 
above elev. (-) 9 m consisting of a singl<l column with an 
outer diameter of 3.2 m and with a first eigen period of around 
3 s. The platform is installed on 65 m water depth in the Danish 
sector of the North Sea, an area with relative harsh wave envi-
ronment. An argument for investigation of the ringing phenome-
non for the tripod was that-compared to a monotower-the 
first bending mode of a tripod is relatively more •'active'' in 
the wave zone due to the restraining substructure. Thus, larger 
nonlinear effects could be expected. 
The dynamic behavior of the platform was investigated by a 
time-domain response model and the results were compared 
with standard quasi-static design velification analysis. Quasi-
static response analysis is defined as the analysis where the 
inertia and damping terms are omitted. 
Method for Response Analysis 
Time Domain Response Analysis. When calculating the 
dynamic response, the modal analysis approach is adopted. The 
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basis of this method relies on the fact that any deflection can · 
be expressed as a sum of orthogonal eigen functions ( mode 
shapes) 
N 
r(t) = L c/>1 y, (t) (1) 
i=l 
The amplitude factors and its time variation are found from the 
N differential equations 
2 = Fhyd,i (t) 
y'; + 2{3;W(j; + W1Y1 
The generalized force and mass are defined by 
Fhyd,i (t) = c/>fFhyd(t) 
m8 ,1 = </>TM</>, 
(2) 
(3) 
We have N coupled differential equations because of the cou-
pling through the hydrodynamic force vector, Fhyd(t), which is 
based on the relative motions in-between the structure and wa-
ter. Therefore, the N differential equations are solv;ed ·by an 
iterative scheme. 
When y1 (t) is determined, the total deflection, stresses, etc., 
can be derived in the time domain, based on the mode shapes 
and their derivatives. The modal analysis reduces the number 
of equations to be solved in the time domain when compared 
with the full matrix system from which the eigen values and 
eigen functions are calculated. However, in order to calculate 
the stress correctly·(second derivative of the eigenfunction), 
a large number of eigen functions have to be included. For the 
present, quite simple structure, the 40 lowest eigen functions 
were investigated and the 20 lowest were used in the analysis. 
The modal analysis yields important detailed information with 
respect to which frequencies and modes may cause undesirable 
behavior of the structure. By use of this knowledge of the basic 
dynamic nature of the system, redesigning in order to avoid 
these problems is far easier. ' 
The quasi-static response can easily be derived from Eq. (2) 
as 
( t) - Fhyd,i (t) Y1.,1a, - 2 
m8,;W; 
(4) 
in which the generalized .hydrodynamic loading is calculated 
without inclusion of the relative motion, i.e., Fhyd,i (t) is calcu-
lated from pure wave kinematics. 
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